Introduction {#Sec1}
============

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal disease characterized by poor chemotherapeutic response. In particular, the effects of chemotherapy for PDAC are hampered by low vascularization, hypoxia and diffusive transport limitations in the tumor microenvironment^[@CR1]--[@CR4]^. Clinical trials have shown that inefficient drug transport in PDAC lesions can be directly correlated to irresponsiveness to therapy^[@CR3]^. Some trials have combined gemcitabine (Gem) with ionizing radiation and other therapeutic modalities^[@CR5],\ [@CR6]^, but have failed to substantially improve the response or overall survival compared to Gem alone.

We have recently reported that combining Gem therapy with a novel, non-invasive technology based on high-intensity short-wave capacitively coupled radiofrequency (RF) electric-fields^[@CR7]--[@CR9]^ significantly enhances therapeutic efficacy when compared to either non-invasive RF or Gem. Unlike clinically used RF ablation modalities, which rely on insertion of electrodes into the tumor tissue followed by thermal ablation of both cancerous and healthy tissue at 350--500 KHz, this non-invasive RF is operated using 13.56 MHz frequency, which is one of the frequencies internationally selected for Industrial, Scientific and Medical (ISM) applications, and is considered safe for body tissues. This novel technology uniquely affects PDAC cell phenotype, and, thus, may have the potential to overcome chemotherapeutic drug diffusive transport limitations^[@CR10]^. Specific effects observed *in vitro* include changes to cell-cell adhesion, elasticity and morphology, which offer the potential to affect drug transport, distribution, and accumulation within tumor tissue^[@CR10]^. Additionally, we have recently shown that exposure to this RF method increases interstitial transport and perfusion of fluorescent probes across tumor-associated vasculature^[@CR11]^.

It is unclear, however, how the cell-scale phenotype changes observed with exposure to the non-invasive RF technology relate to the favorable chemotherapeutic tissue-scale response observed *in vivo* ^[@CR7]--[@CR9]^. Although numerous studies have indicated the ability of hyperthermia to enhance potency of standard chemotherapy^[@CR12],\ [@CR13]^ as well as radiation therapy^[@CR14]^, our technology has been shown to not rely on hyperthermia *per se* to kill tumor cells, but rather on cellular-scale phenotypic changes that enhance chemotherapeutic efficacy^[@CR7],\ [@CR10],\ [@CR11],\ [@CR15]--[@CR17]^. This stands in contrast to traditional techniques, such as radiofrequency ablation (RFA), in which a probe is invasively inserted into the diseased site and high heat (50--100 °C^[@CR18],\ [@CR19]^ is administered, causing coagulative necrosis and tissue thermal destruction^[@CR20]^, or more recent non-invasive developments relying on hyperthermia for the cytotoxic effect^[@CR21],\ [@CR22]^.

Here, we evaluate how the cell-scale changes induced by RF may help to overcome chemotherapeutic diffusive transport limitations of Gem^[@CR23]^ in the hypovascularized microenvironment of PDAC lesions. We hypothesize that phenotypic changes in PDAC cells observed when in optimal drug exposure (monolayer cell culture) as a result of RF therapy^[@CR10]^ would also affect the response in the 3D microenvironment subject to impaired transport. We employ a 3D cell culture system (tumor spheroids) to isolate and study these effects. As the complex spatial-temporal interactions between tissue and therapy parameters preclude evaluation of treatment response solely through experimental analysis, we further propose computational modeling to simulate the effects of these parameters on therapy outcome, and compare the predicted tumor response to the results observed in an ectopic mouse tumor model *in vivo*.

Results {#Sec2}
=======

Cell viability decreases after non-invasive RF plus Gem in optimal transport (monolayer) conditions {#Sec3}
---------------------------------------------------------------------------------------------------

RF exposure immediately before dosing with Gem causes viability decrease (Fig. [1](#Fig1){ref-type="fig"}): exposure of PDAC cells to 100 μM Gem or RF plus 100 μM Gem, yields 98% and 73% viability at 24 h, respectively (Fig. [1a](#Fig1){ref-type="fig"}). Viability decreases further to 85% in 100 μM Gem dosed cells and 65% in RF plus 100 μM dosed cells at 48 h (Fig. [1b](#Fig1){ref-type="fig"}). Cytostatic effect is observed for exposure to RF plus Gem, with increase in cell number of 60% at 48 h compared to 140% increase when dosed without RF (Fig. [1c](#Fig1){ref-type="fig"}). We previously determined that after a single non-invasive RF treatment, space between cells (cell-free substrate region) increased by \~24%; however, after 4 treatments it only increased by \~4%^[@CR10]^. We also found that when cells which detach following RF (present in the supernatant) are reseeded in fresh media, they remain susceptible to thermal shock as nearly 100% of cells in this sub-population are rounded after the exposure^[@CR10]^. Further, the cell proportion affected by the exposure as indicated by their roundness declined by 10% after four RF treatments^[@CR10]^, suggesting the development of resistance.Figure 1Combination treatment with Gem and non-invasive RF field exposure yields mildly enhanced cytotoxicity and cytostaticity as compared to Gem alone in PDAC monolayer cell culture. (**a**) Percent viability of PANC-1 cells treated with various combinations of RF and Gem; (**b**) Percent viability of PANC-1 cells treated with Gem alone and Gem+RF at 48 h; (**c**) Percent cytostaticity of PANC-1 cells treated with Gem alone and Gem+RF at 48 h. In all cases Gem was administered immediately after RF exposure (mean ± SD, n = 6). Statistical significance determined using two-tailed Student's t-test with significance level 0.05 (\*) or 0.01 (\*\*).

Non-invasive RF affects molecule transport {#Sec4}
------------------------------------------

In order to evaluate how RF affects diffusive transport, we first assessed DAPI penetration in PDAC tumor spheroids formed with Capan-1 cells, which were found to form dense structures and, thus, present a high barrier to transport (Fig. [2](#Fig2){ref-type="fig"}). DAPI molecular weight (350.3 g/mol) is similar to Gem (299.6 g/mol), both being hydrophilic molecules with 20 and 25 mg/mL water solubility, respectively, and high affinity to the nucleus. Thus, DAPI can be used as a fluorescent surrogate for Gem transport. Results show that the molecules were mostly unable to reach the center of spheroids at 24 h of incubation (Fig. [2c](#Fig2){ref-type="fig"}). We further observed that RF alone did not cause significant cell death throughout the 3D structure, but pre-treatment with RF prior to incubation with DAPI/Gem yielded significant increase in DAPI fluorescence through the tissue.Figure 2Exposure to non-invasive RF field increases diffusive penetration of molecules in 3D tissue. Left: Brightfield image of untreated Capan-1 spheroid; right: DAPI wavelength image. (**a**) Spheroid untreated with RF and incubated with DAPI for 24 h; (**b**) Spheroid treated with RF and incubated with DAPI for 1 h; (**c**) Spheroid treated with RF and incubated with DAPI for 24 h. Spheroid in (**b**) and (**c**) is the same lesion. Magnification: 10x.

To further evaluate enhanced diffusive transport due to RF, we measured FITC vascular extravasation and diffusion in orthotopic PDAC tumors in mice via intravital microscopy (IVM) (Fig. [3](#Fig3){ref-type="fig"}). When compared to unexposed tissue, exposure to RF increased the FITC-positive area by at least 49% (Fig. [3c](#Fig3){ref-type="fig"}), with diffusion distances from the vasculature up to twice as large (10 µm vs. 20 µm) (Fig. [3d](#Fig3){ref-type="fig"}).Figure 3Evaluation of transport in PDAC tumors in mice. (**a**) Representative intravital microscopy images of FITC penetration in tumor tissue following systemic administration before and after RF exposure. (**b**) Sample image analysis to quantify percent area fraction of FITC-positive regions with and without RF, highlighting a large region in the upper right corner (with RF). (**c**) Fraction of tissue area stained for FITC. (**d**) Quantification of distance of FITC-positive regions from the surrounding vessels.

Pancreatic tumors are notorious for being fibrotic, maintaining a high density of extra-cellular matrix (ECM) proteins, which may hinder diffusive transport. To assess the extent of fibrosis, we evaluated the presence of collagen, a major component of the ECM, in stained sections of a human PDAC tissue microarray, finding that the presence of collagen was non-uniform (Supplementary Figure [1](#MOESM1){ref-type="media"}). This observation is consistent with our previous work with PDAC 3D cell cultures^[@CR24]^. We further noted that there was substantial heterogeneity in the amount of overall stroma, with some clinically relevant PDAC tumors exhibiting large regions with little stroma. Although an increased diffusive transport due to RF might help to overcome the transport barrier offered by the typical stroma of PDAC, further study is needed to elucidate the effects of stromal variability on this transport.

Cell death increases after non-invasive RF plus Gem exposure in 3D cell culture {#Sec5}
-------------------------------------------------------------------------------

To further examine the effect of RF pretreatment in enabling increased drug penetration in the hypovascularized tumor microenvironment, we incubated 9-day-old Capan-1 spheroids with Gem for 24 h after pretreatment with RF. We used confocal microscopy to acquire Z-stack images through the center of spheroids to evaluate the cell viability, observed via DAPI, and cell death, observed via DRAQ7. Figure [4](#Fig4){ref-type="fig"} shows that RF treatment increased DAPI penetration (Fig. [4b](#Fig4){ref-type="fig"}), apparently by increasing cell roundness^[@CR10]^ and, thus, opening the interstitium for DAPI molecule penetration; the uniformly distributed low DRAQ7 level suggests a corresponding low cytotoxicity. Gem without RF pre-treatment was unable to induce significant cell death (Fig. [4c](#Fig4){ref-type="fig"}). In contrast, significant increase in cell death was observed when tumor spheres were treated with Gem immediately after RF treatment (Fig. [4d](#Fig4){ref-type="fig"}). Higher staining is noted at the periphery of spheroids not treated with RF (Fig. [4a and c](#Fig4){ref-type="fig"}), possibly due to background signal. Figure [5](#Fig5){ref-type="fig"} shows that cell death in the spheroid periphery was 300% higher and in the spheroid core was 1500% higher than for untreated lesions. Interestingly, RF exposure alone yielded 160% increase in cell death on the periphery and 700% increase in the core. Measurement of temperatures using an infrared camera that had previously been calibrated with optical thermal probes, to ensure accurate thermometry, confirmed that the slight temperature rise during RF exposure did not cause undue heating of the cells in 2D or 3D cell culture (Supplementary Figure [2](#MOESM1){ref-type="media"}).Figure 4Effect of Gem treatment in non-invasive RF pretreated Capan-1 spheroids. Left to right: Brightfield, DAPI and DRAQ7 channels: (**a**) Untreated spheroid; (**b**) Spheroid exposed to RF only; (**c**) Spheroid exposed to 100 μM Gem only for 24 h; (**d**) Spheroid pretreated with RF and exposed to 100 μM Gem for 24 h. Figure 5DRAQ7 signals denoting cell death induced by Gem through RF pretreated Capan-1 spheroids. (**a**) A representative spheroid image is shown. For the analysis, the center of the inner circle (enclosing the "core") was positioned in the center of the spheroid (enclosed by the larger circle), with a radius half that of the whole spheroid. (**a**) Pixel intensity was quantified for whole spheroid (within outer circle) and for spheroid core (within inner circle). The regions of interest (ROI) were randomly selected. (**b**) Percent increase in DRAQ7 intensity for the whole spheroid and for the core, normalized to pixel intensity in the untreated group. Error bars represent standard deviation (n = 3). Statistical significance (\*) determined using two-tailed Student's t-test with significance level of 0.05.

Simulation of heterogeneously hypovascularized tissue {#Sec6}
-----------------------------------------------------

We first simulated an avascular tumor spheroid in cell culture for calibration of the drug effect. The lesion included tumor tissue (proliferating, hypoxic, necrotic) and a dense ECM. Noting that PANC-1 and Capan-1 cells exhibit similar survival at higher Gem concentrations^[@CR25]^, we matched to data available for the EC70 drug effect for PANC-1 spheroids when treated with 100 μM Gem for 72 h^[@CR26]^. This drug effect was then used to simulate the response to Gem bolus injection on a lesion *in vivo*. Next, to represent typical hypovascularized PDAC, a tumor with under-developed vascularization was simulated. Heterogeneous ECM concentration simulated fibrosis, which may adversely affect the diffusive transport of drug molecules, tumor angiogenic factors (TAF), and matrix degrading enzymes (MDE) as represented in the model. Supplementary Figure [3](#MOESM1){ref-type="media"} shows a representative simulated hypovascularized lesion prior to treatment evaluation, highlighting the tissue regions (proliferating, hypoxic, necrotic) (A), associated ECM density (B), and corresponding heterogeneous O~2~ concentration profile (C). The proportion of the tissue regions is heterogeneous, with most of the tissue being hypoxic (58%) compared to proliferating (25%) or necrotic (17%).

Comparison of Gem vs. non-invasive RF plus Gem therapy {#Sec7}
------------------------------------------------------

We simulated treatment via bolus injection of drug alone or drug injected after RF pre-treatment. Due to hypovascularization, drug is mainly delivered from the surrounding vessels (Fig. [6](#Fig6){ref-type="fig"}), as has been experimentally previously observed^[@CR23]^. The drug penetration was experimentally measured to be \~20 μm (20% that of O~2~) by 24 h based on a surrogate molecule penetration in Capan-1 spheroids (Fig. [2](#Fig2){ref-type="fig"}). As expected, the drug concentration is higher for the RF plus Gem case than for Gem alone, and over the next 2 h the drug washes out of the system. For chemotherapy following RF, the drug concentration follows a similar profile as for drug alone, except with larger magnitude. This is expected, since with RF, the molecule penetration is increased by 75% compared to non-RF (as measured from experimental data, Figs [2](#Fig2){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). We also assume that, as a first approximation, the molecule vascular extravasation scales linearly with this increase. During this process, the tumor begins to shrink due to the drug effect, with the regression being more pronounced for the RF plus Gem therapy. Hypoxic regions in the tumor interior transiently switch to proliferation based on tissue death in the tumor periphery opening up access to O~2~ and nutrients from the surrounding vasculature.Figure 6Simulation of combination RF and Gem treatment. (**a**) Gem with no RF pre-treatment; (**b**) Gem with RF pre-treatment. For each panel, vascular flow is from bottom left to upper right. Tumor tissue includes proliferating (red), hypoxic (blue) and necrotic (brown) regions. Existing capillary network is denoted by regularly spaced grid (brown), with vessels induced by angiogenesis shown as irregular lines growing towards the hypoxic tumor regions acting as a source of angiogenic stimuli. At 1.9 hr post injection, the drug concentration is high. Over the course of 3.6 hr, most of the drug washes out. By 72 hr, tumor lesion has visibly shrunk due to the drug effect.

Variation of RF-related effects on drug vascular extravasation and tissue penetration {#Sec8}
-------------------------------------------------------------------------------------

The response to the simulated therapies is quantified in Fig. [7a](#Fig7){ref-type="fig"}. For Gem only, lesion radius is decreased by 19.7% by 48 h post treatment before regrowth resumes, while for Gem following non-invasive RF, for which both vascular extravasation transfer rate (TR) and diffusive penetration (*D*) are increased by 75%, the radius decreases by almost twice as much (36.6% during this timeframe). To further study the potential effect of RF on drug interstitial diffusive transport as well as vascular transfer, we simulated variation in these two key parameters, namely, by maximizing penetration to match O~2~ and doubling the transfer rate. Figure [7a](#Fig7){ref-type="fig"} shows that when the TR is doubled but *D* is low (as experimentally measured), therapy performance is better than with Gem alone (29.0% radius decrease by 48 h), but not as good as when both TR and *D* are increased by 75%. When TR is kept the same as for Gem only and *D* is maximized, the lesion radius decreases 44.9% by 48 h. When both drug TR and *D* are maximized, the radius decreases the most (55.3%).Figure 7Analysis of treatment simulations. (**a**) Change in simulated tumor lesion radius based on different therapy scenarios. (**b**) Minimal tumor size achieved for each simulated treatment. Dotted boxes enclose cases with like diffusive penetration. A trend of minimal size decreasing in time emerges, which highlights the relative contribution to regression of RF modulation of drug diffusive penetration and vascular extravasation transfer rate. Middle (triangle) indicates Gem penetration and transfer rate increasing by 75% following non-invasive RF exposure (calibrated from experimental data). TR: drug vascular extravasation transfer rate (for O~2~, TR = 5); *D*: drug diffusive penetration (for O~2~, *D* = 1.00).

Figure [7b](#Fig7){ref-type="fig"} plots the minimal tumor size achieved for each simulated treatment. These data delineate a trend of minimal size decreasing in time highlighting the relative contribution of drug *D* and vascular TR to lesion regression by the RF modulation. The trend shows that variation in *D* elicits a larger change in tumor response than variation in vascular TR. For the same TR, minimal size decreases by 28% to 35% based on penetration ranging from 0.2x to 1x of O~2~, respectively. In contrast, for the same *D*, minimal size decreases by 9% to 16% based on the transfer rate ranging from 1x to 2x that of O~2~, respectively.

Simulation of repeated therapy for advanced disease {#Sec9}
---------------------------------------------------

Next, we simulated weekly treatments for 7w with Gem or combination of Gem and non-invasive RF. This dosing schedule follows current clinical protocol for Stage IV PDAC^[@CR27]^. Figure [8a](#Fig8){ref-type="fig"} shows that Gem only treatment fails to restrain lesion growth, which reaches 166% of initial radius by the end of 6w, and continues unbounded to exceed the limits of the computational domain. Pre-treatment with RF drastically changes this outcome, with the lesion essentially restrained to 60% of initial radius by 4w. Varying the effect of RF on drug diffusive penetration, *D*, and vascular extravasation transfer rate, TR, further highlights the dynamics previously shown for the single treatment scenario (Figs [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}). When the TR is doubled and *D* is kept the same as for the drug only case, the lesion undergoes slow regression over 7w, but it is unclear whether it will eventually be eradicated due to slow buildup of resistance to RF. In contrast, when the TR is unchanged but the drug *D* is maximized (matching O~2~), the lesion is destroyed by 4w. For comparison, a doubled vascular TR in addition to maximized *D* provides a modest advantage, with lesion eradication achieved by 3w. This suggests that the effect of non-invasive RF on drug *D* modulates the tumor response to a larger extent than vascular transfer.Figure 8Simulation of weekly repetitive treatment for 7w with Gem or combination of Gem and non-invasive RF. (**a**) For Gem only case (topmost curve, large dash), lesion increases by 166% by the end of 6w compared to the initial size, while for Gem+RF assuming a 75% increase in drug diffusive penetration and vascular extravasation transfer rate (middle curve, short dash; calibrated from experimental data), the lesion is restrained after the 4^th^ treatment. TR: drug extravasation vascular extravasation transfer rate (for O~2~, TR = 5); *D*: drug diffusive penetration (for O~2~, *D* = 1.00). (**b**) Summary of tumor regression as fraction of untreated control predicted by the simulations assuming a 75% increase in drug penetration and transfer rate for Gem+RF. (**c**) Tumor regression measured as fraction of untreated control for PANC-1 ectopic tumors in mice *in vivo* (data from ref. [@CR7]). Mean ± SEM. Statistical significance (\*)determined using two-tailed Student's t-test with significance level 0.05.

Figure [8b](#Fig8){ref-type="fig"} summarizes the tumor radius decrease as a fraction of the untreated control when simulating chemotherapy over the course of 4 treatments once/week for Gem only or Gem+RF. These simulated results follow the trend and fall within the range of tumor regression measurements obtained with PANC-1 ectopic tumors subjected to the same treatment protocols in mice (Fig. [8c](#Fig8){ref-type="fig"}), although the simulations suggest an effect from Gem alone that was not experimentally observed. The PANC-1 tumors *in vivo* regressed to 82 ± 33% of untreated control after two treatments^[@CR7]^, which is consistent with the simulation results. The difference in tumor radius as a fraction of control between the Gem only and Gem+RF cases by 4w was on average 0.28 for the measured (ectopic) tumors and 0.29 for the simulated tumor, a discrepancy of 3%.

Discussion {#Sec10}
==========

We present a novel integration of experimental analysis of pancreatic ductal adenocarcinoma (PDAC) with computational simulation of hypovascularized tumor lesions to evaluate the tissue-scale response to chemotherapy combined with non-invasive RF. PDAC, the fourth leading cause of cancer death in Europe and in the United States^[@CR28],\ [@CR29]^, is characterized by hypovascularization, hypoxia, and desmoplasia, and has extremely limited treatment options. A major reason why PDAC is difficult to treat is the extensive stroma and hypovascularization, which could reduce drug transport from the systemic circulation into the tumor microenvironment^[@CR30]^. Thus, it is imperative to develop new strategies which can promote the transport of anticancer therapeutics into PDAC lesions. To assess the diffusive transport barrier, we evaluated combination therapy of RF and Gem in both 2D (monolayer) and 3D (spheroid) cell cultures. Our previous work has shown that cell-cell adhesion and cell-substrate adhesion are altered after RF to potentially facilitate diffusive transport and molecule vascular extravasation^[@CR10]^. This is expected to dramatically affect the response to drugs passively diffusing in the tumor microenvironment, as the drug molecules would be able to extravasate in high volume from the vasculature and distribute deeper and more homogeneously throughout the tissue. Further, our experiments (Fig. [4](#Fig4){ref-type="fig"}) show that RF enhances PDAC cell death in spheroids representing hypovascularized tumor lesions^[@CR31]--[@CR33]^. This suggests that RF influences not only individual cell- but also tissue-scale interactions. The results show that PDAC cells in the spheroid model share key responses observed in monolayer cells when subjected to RF treatment, namely, increased susceptibility due to higher drug uptake, possibly caused by diffusive transport enhanced by cell membrane retraction (see also Supplementary Figure [4](#MOESM1){ref-type="media"}).

The monolayer studies further show that non-invasive RF causes immediate sensitivity to Gem in PDAC cells (Fig. [1](#Fig1){ref-type="fig"}), which may additionally explain the enhanced cell death in the 3D cell culture when subjected to RF plus Gem (Fig. [4](#Fig4){ref-type="fig"}). The cytostatic effect observed in pancreatic cancer cells with RF plus Gem was previously observed and attributed to induction of autophagy when cells were exposed to 13.56 MHz radio waves^[@CR7]^. It was found that excessive numbers of autophagosomes in cancer cells persisted during 24 h to 48 h after RF exposure and then declined. The addition of a sub-toxic dose of Gem to RF treatment inhibited the cell recovery from the RF-induced autophagy and enhanced cytotoxicity. When systemic wide responses were investigated, it was further observed that treatment of pancreatic cancer *in vivo* in mice with a combination of non-invasive RF and Gem had superior antitumor effect compared to RF or Gem alone^[@CR7]^. We expect these findings to aid in the development of efficient non-invasive RF and Gem treatment schedules for potential clinical application. To this end, we simulated the tissue-scale response via computational modeling, showing that drug diffusive transport may be a key parameter determining overall system behavior (Fig. [7](#Fig7){ref-type="fig"}). Assessment of a hypothetical schedule of non-invasive RF combined with Gem following the current clinical protocol to treat Stage IV PDAC further suggests that growth of lesions unresponsive with Gem alone may be restrained when exposed to RF and Gem combination (Fig. [8](#Fig8){ref-type="fig"}). This prediction is compared with experimental observations of PANC-1 tumors grown in mice *in vivo* ^[@CR7]^. The simulations project tumor regression towards the low end of the experimental measurements, suggesting that additional factors not included in the mathematical model may also present resistance to the treatment *in vivo*. Future modeling work will further evaluate the parameters associated with *in vivo* performance of Gem therapy combined with RF.

Certain PDAC cell sub-populations displayed evidence of a developed ability to become less susceptible to RF over time. This was characterized by negligible membrane retraction in response to RF after a single exposure. Moreover, multiple RF exposures seemed to sort sub-populations by their susceptibility to non-invasive RF or by their innate behaviors in response to treatment, as there were some cells within the population which always rounded and detached from the substrate and never developed lowered susceptibility. This finding was unexpected and suggests the preexistence of cell sub-populations that are more RF-sensitive and, therefore, more readily detachable from the substrate. There may also be emergent sub-populations, displaying increased phenotypic plasticity by developing an ability to compensate for the diverse effects of RF, remaining adhered to the substrate surface and surviving even after multiple treatments. These findings may help to provide insight into the mechanisms involved in cancer cell sensitivity to RF as well as the rational design of appropriate treatment schedules in combination with chemo- or radiation therapy. Further elucidation of these phenomena would also influence the possibility to fine-tune therapy parameters for maximizing tumor regression. In particular, a more detailed quantification of the loss of susceptibility of PDAC to RF in consequent exposures would enable a more comprehensive evaluation of tumor response via the computational modeling.

The RF-facilitated drug transport in the tumor microenvironment due to transient cell phenotypic changes would be complementary to any enhancement of transport due to alleviation of the diffusion barrier presented by fibrotic ECM. Recent work has linked ECM-induced swelling stress in orthotopic pancreatic tumors to decreased vascular perfusion^[@CR34]^. Approaches that aim to "thin out" the ECM components have been proposed to enhance the transport of chemotherapeutic drug molecules diffusing out of the vasculature. For example, inhibition of angiotensin has been found to inhibit stromal collagen and hyaluronan production in an orthotopic pancreatic cancer model, which decreased solid stress and evinced increased vascular perfusion, lower hypoxia, and improved drug delivery^[@CR35]^. It is unclear, however, to what extent angiotensin inhibition by itself affects tumor progression. A recent population-based cohort study failed to show a decreased risk of pancreatic cancer through the use of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers^[@CR36]^, even though such inhibitors have been shown to suppress pancreatic cancer growth in pre-clinical models^[@CR35],\ [@CR37],\ [@CR38]^.

This study presents an interdisciplinary approach linking the cell- to the tissue-scale to evaluate potential response to combination therapy of non-invasive RF and Gem for PDAC. The proposed approach enables the study of tumor-specific conditions hindering therapy effectiveness, such as diffusive transport limitations resulting from tissue hypovascularization. The modulation of drug diffusive penetration and vascular extravasation transfer rate by RF allows relating the treatment parameters to drug-specific diffusive penetration and vascular extravasation characteristics. The integration of experiments with computational modeling offers the possibility to fine-tune these parameters to maximize tumor regression while avoiding the disadvantages of under- or over-treatment. Longer term, the approach may further enable assessment of potential clinical protocols to evaluate therapy response based on patient tumor-specific information, integrating data from both experiments and simulations using cell and tissue information obtained from imaging and biopsy.

Methods {#Sec11}
=======

Cell lines {#Sec12}
----------

Human pancreatic PDAC cancer cell lines Capan-1 and PANC-1 (American Type Culture Collection) were maintained in Iscove's Modified Dulbecco's Media (IMDM) with 4 mM L-glutamine and 20% Fetal Bovine Serum (FBS), and in Dulbecco's Modified Eagle's Medium (DMEM) with 10% FBS, respectively, both supplemented with penicillin 2% and cultured in 5% CO2 at 37 °C.

Three-dimensional cell culture {#Sec13}
------------------------------

Spheroids were created using a novel approach we recently reported combining two traditional techniques, namely, hanging drop and methylcellulose in the medium^[@CR39]^. Briefly, the specific cell type base medium, containing 10% FBS and supplemented with methylcellulose stock solution in 80:20 ratio, respectively, was used. Methylcellulose stock solution was prepared by dissolving autoclaved methylcellulose (6 g) powder (M0512, Sigma-Aldrich) in 250 mL preheated to 60 °C basal medium for 20 min. Thereafter, 250 mL medium (at room temperature, RT) containing FBS (20%) was added to final volume of 500 mL and the whole solution mixed overnight at 4 °C. Final stock solution was aliquoted and cleared by centrifugation (5000 g, 2 h, RT). Only the clear, highly viscous supernatant was used for the spheroid assay (about 90--95% of stock solution). For spheroid generation, 20% of stock solution and 80% culture medium corresponding to final 0.24% methylcellulose were used. 20 μL drops containing 20,000 cells were pipetted onto the lid of 100 mm^2^ dishes and inverted over dishes containing 10 mL phosphate buffer solution (PBS). Hanging drop cultures were incubated under standard culture conditions for 1week, which provided time for cell sedimentation. Each spheroid was gently caught by sterile spatula and transferred to a well (12 well plates) for treatment or imaging.

RF treatment and evaluation of cell heating {#Sec14}
-------------------------------------------

For experiments in two-dimensional (2D) cultures, 200,000 cells per well were seeded in 12 well plates. Twenty four hours later, when attachment had occurred, the plates were placed in non-invasive RF generator^[@CR40]^ and exposed to RF (900 W, 13.56 MHz, RT) for 5 min. Three-dimensional (3D) cell cultures were similarly exposed for 5 min to RF. RF power absorption was calibrated by temperature, recorded in real time via infrared thermography (FLIR Systems Inc., Boston, MA) to ensure a consistent field across wells within the plate and over time. For cells undergoing multiple RF treatments, a small amount of media was added every two days but not replaced so that non-adhered cell sub-population, residing in the supernatant, would be preserved. Parameters were measured using brightfield images, obtained using ImageXpress (Molecular Devices, CA, USA). No fluorescent probes were used to avoid disturbing cell response to RF. In order to maintain consistent temperatures, treatment groups were kept in the incubator (37 °C) until RF treatment. Following treatment, the cell plates were transferred to the incubator for maintenance of temperature. Controls were taken out of the incubator and their temperature was allowed to drop to 34 °C (similar to the RF treatment group) before placing them back in the incubator for maintenance of temperature.

Cytotoxicity analysis {#Sec15}
---------------------

Cytotoxicity was quantified using DRAQ7 (1,5-Bis{\[2-(dimethylamino)ethyl\]amino}-4,8-dihydroxyanthracene-9,10-dione) staining, which is a far-red fluorescent dye, kindly provided by Biostatus Ltd (UK). DRAQ7 is excluded from viable cells and hence only stains nuclei in dead and/or cell membrane permeabilized cells, as it passively diffuses through the damaged cytoplasmic and nuclear membranes and eventually binds with A-T rich repeats in DNA. DRAQ7 has peak absorbance at 600 nm and 646 nm and fluoresces in the far-red/near infra-red peaking at 697 nm (when bound to double stranded DNA). Cells were seeded at a concentration of 70,000 cells per well in Greiner Bio One Cellstar® tissue culture 6-well plate for 24 h, washed twice in serum-free medium and incubated with 2 mL of complete medium containing 3 µM DRAQ7. High throughput, time-lapse based experiments were performed within 5--10 min of dosing using the In-Cell Analyzer 2000 microscope (GE Healthcare, UK), as previously described^[@CR41]^. Briefly, images were obtained hourly for 24 h. Over 4,000 cells were imaged at each timepoint at 20x magnification in DRAQ7 and brightfield channels. After the time-lapse the cells were dosed with very high dose (10 μM) of polyethylenimine coated QDs in 2 mL media with 0.5 h exposure, which killed 100% of cells due to high toxicity. Additional set of images was collected from which total number of cells in each well was obtained. Death was quantified by automated measure of DRAQ7 signals at each time point using In-Cell Developer Toolbox software (GE Healthcare, UK) and was displayed as % of total cells within each well. Additionally, separate time-lapse analysis was performed from 0--43 h to confirm stability of DRAQ7 signals. An automated algorithm segmented the DRAQ7 nuclear signals by first recognizing pixels that displayed intensity ≥ 750grey levels above background intensity. Secondly, signal was gated via pixel area (100pixels^2^ \< DRAQ7 segmented signal \< 1000pixels^2^) to discount anomalous components. Signals which overlapped frame edges were discounted.

Cell phenotype analysis {#Sec16}
-----------------------

Cell membrane retraction was analyzed using the method we previously described^[@CR10]^. Briefly, PDAC cells were grown to \~70% confluence and ImageXpress high-throughput microscope was used to acquire brightfield images (x20 magnification) before and immediately after RF hourly for 24 h. MATLAB software (Mathworks, USA) was used to create a brightfield textural analysis algorithm^[@CR10]^ to quantify the space in the frame not occupied by cells, and this area was normalized to the space between cells before the RF exposure. Manual segmentation of brightfield images before, 0 and 2 h after RF was performed by highlighting the cell perimeter using ImageJ 1.47 Software (National Institutes of Health, USA) and measuring area within the selection. Over 600 cells were measured per group in random 10--15 fields for statistically robust results that considered whole cell populations. Image analysis was repeated to measure response, i.e., cell area and hence membrane retraction, of single cells on surface of spheroids. Membrane retracted cells were those which displayed at least a 33% decrease in cell area.

Evaluation of transport {#Sec17}
-----------------------

Tumor spheroids were pretreated with RF, and DAPI (4',6-Diamidino-2-Phenylindole) (3 µM) was immediately added. After specific time period was reached (0--72 hours), spheroids were fixed in 4% paraformaldehyde. DAPI was used as a fluorescent probe resembling hydrophilic and low molecular weight Gem. Similar to Gem, it also has high affinity for nucleic acids. DAPI penetration was measured (n = 6) by evaluating the staining intensity from the periphery into the spheroid core, and normalized by the outermost (boundary) value to arrive at an average fractional value. DAPI alone did not evince effects on the spheroid growth.

Protocol for *in vivo* experiments {#Sec18}
----------------------------------

The *in vivo* experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the Baylor College of Medicine (No. AN-6448). SCID mice (4--6 weeks of age) were purchased from the National Cancer Institute Mouse Repository, and maintained under pathogen-free conditions and treated in accordance with the recommendations in the National Institute of Health's Guide for the Care and Use of Laboratory Animals. Mice were sedated and grounded to receiving plates with conducting copper tape to prevent thermal injury as previously described^[@CR8]^. The mice were exposed weekly to RF (600 W, 13.56 MHz, RT, 10 min) and each experiment was repeated 3 times.

Orthotopic tumor model {#Sec19}
----------------------

Mice (10--13 per group) were injected with 2--3 × 10^6^ PDAC cells suspended in 40 μL of Matrigel directly into the pancreas with concurrent abdominal IVM window placement over the pancreas^[@CR42]^. After 1 week of incubation, the pancreas was imaged via IVM through the abdominal window. 100 µL of FITC dextran (70 k MW, 5 mg/mL; Molecular Probes, Eugene, Oregon) was injected via the retro-orbit to visualize the vasculature. After a delay of 2.5 hours, RF was applied to the left abdominal region to a target surface temperature of 40 °C for 20 min. The vasculature post-RF was re-imaged via IVM with another injection of 100 µL FITC dextran.

Ectopic tumor model {#Sec20}
-------------------

The data for the ectopic tumor model was previously obtained as described in ref. [@CR7]. Briefly, mice (10--13 per group) were injected with 1--3 × 10^6^ PDAC cells subcutaneously, and tumors were measured by width, length, and height, with tumor volume calculated as width x length x height. Animals started treatment when average tumor volume reached 100 mm^3^. Gem dose of 70 mg/kg was given intraperitoneally, and the tumors were exposed the next day to non-invasive RF for 10 min.

Human PDAC histology {#Sec21}
--------------------

To evaluate the collagen content in clinical samples (T142 Pancreatic cancer tissue array, Biomax, USA), hematoxylin and eosin (H&E) as well as collagen staining (Picro Sirius Red Staining Kit, Abcam, USA) were performed on pathologically diagnosed separate samples in the tissue microarray. All tissues in the repository are collected with donor consent under HIPPA approved protocols.

Simulation of tumor response to RF and drug therapies {#Sec22}
-----------------------------------------------------

The computational model (see Supplementary information for details) builds upon previous work^[@CR43]--[@CR46]^ to simulate the effects of RF combined with drug transport impaired by hypovascularization and extra-cellular matrix. The model parameters (Supplementary Table [1](#MOESM1){ref-type="media"}) were determined from experimental data as described in Results and Supplementary information. Simulations were run to evaluate the response to the administration of Gem as bolus injection over the course of 5w. A control (untreated) case was also simulated in order to compare the tumor responses. To simulate therapy for advanced metastatic disease (Stage IV)^[@CR27]^, the drug administration was simulated once weekly for 7w.

Statistics {#Sec23}
----------

Statistical significance shown in the results was determined using two-tailed Student's t-test with significance level 0.05 (\*) or 0.01 (\*\*) using GraphPad Prism (GraphPad Software).

Data Availability {#Sec24}
-----------------

All data generated or analyzed during this study are included in this published article and its Supplementary Information files.
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